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Introduction 49 Elaborate ornamentation has been well documented in male animals to have evolved through mate 50 choice or intraspecific competition (i.e. sexual selection Darwin 1871; Andersson 1994). In many 51 species across taxa, females also display elaborate ornamentation (Kraaijeveld et al. 2007 ). The 52 emphasis on sexual selection in males has led to the notion that female ornamentation is non-adaptive; 53 rather, it is merely a by-product of male ornamentation due to genetic correlations between the sexes 54 (Lande 1980) . This genetic correlation hypothesis requires male ornamentation, possibly evolved 55 through sexual selection. However, a comparative study across >3,000 birds showed that the elaboration 56 of female coloration positively correlates with male coloration, but not with male sexual selection which 57 was quantified by social polygyny, male-biased sexual size dimorphism and lack of paternal care. Rather, 58 male sexual selection leads to sexual dichromatism with bright colored males and dull colored females 59 (Dale et al. 2015) . Hence, male sexual selection alone may not explain the wide prevalence of female 60 ornamentation. Alternatively, recent research on female ornamentation has stressed the importance of 61 sexual selection in females (Kraaijeveld et al. 2007; Clutton-Brock 2007) as well as of badges of status, 62 irrespective of sex, in reducing antagonistic social interactions (i.e. social selection Tobias et al. 2012 ).
63
Both sexual selection and social selection, which are associated with intraspecific interactions, may be 64 valid explanations for female ornamentation, but they cannot fully explain some patterns observed in the 65 wild. For example, the comparative study above also showed that the elaboration of female coloration is 66 weakly associated with female sexual and social selection (cooperative breeding was used as an 67 indicator of social selection: Dale et al. 2015) . In fishes, both males and females of non-territorial, 68 promiscuous species often exhibit ornamentation (Lachner 1952; Sakai 1995; Sabaj et al. 2000) , even 69 though sexual selection and social interactions are expected to be weak in such non-territorial, 70 promiscuous species. Thus, researchers should pay more attention to possible factors other than 71 intraspecific interaction as an alternative driver of evolution of elaborate female ornamentation (or 72 mutual ornamentation: both males and females have ornamentation).
73
More than 100 years ago, Wallace (Wallace 1889) proposed that conspicuous species-specific 74 ornaments reduce harmful interspecific interactions such as hybridization and aggression by ensuring 75 correct species recognition. This hypothesis has logical appeal for female/mutual ornamentation because 76 4 selection against hybridization can act on sexual signals not only in males but also in females (Takakura   77   et al. 2015) . In other words, selection against hybridization can favor male mate preference for 78 conspecific females over heterospecifics based on female ornamentation. It has been widely recognized 79 that male mate preference is weaker than females mate preference, because the sexual difference in 80 investment on offspring usually leads to a male-biased sex ratio. 85 2006). Still, the direct selection, which results from increasing reproductive success and/or survival of 86 the focal males, is sometimes strong enough to drive the evolution of male mate preference in comparing 87 conspecifics (Servedio and Lande 2006) . For example, males frequently prefer high-fertility females in 88 various taxa (fish, Sargent et al. 1986; birds, Monaghan et al. 1996; amphibians, Liao and Lu 2009) . In 89 mate choice comparing con-and heterospecific females, indirect selection may also be strong enough to 90 shape male mate preference, because hybrid fitness is often considerably lower than that of pure crosses 91 (Servedio 2007) . Empirical studies have provided increasing support for the male species recognition 92 (e.g. Seehausen et al. 1999; Svensson et al. 2007; Zoppoth et al. 2013; Moran et al. 2017 ; Roberts and 93 Mendelson 2017). These studies, however, have focused mainly on non-ornamented species including 94 species that rely on odors in mate choice (Roelofs and Comeau 1969; Shine et al. 2002) , or 95 male-ornamented species (Knight and Turner 1999; Wong et al. 2005; Espinedo et al. 2010; West and 96 Kodric-Brown 2015; Moran et al. 2017; Roberts and Mendelson 2017) . In limited studies on female or 97 mutually ornamented species, chemical or tactile communications are not experimentally excluded 98 (Wiernasz 1995; Seehausen et al. 1999; Deering and Scriber 2002; Jiggins et al. 2004; Zoppoth et al. 99 2013) , which is insufficient to show the importance of visual cues in male mate choice. Hence, the 100 species recognition hypothesis (Wallace 1889) has rarely been formally tested in the context of female 101 ornamentation (but see Svensson et al. 2007; Pierotti et al. 2008 ).
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Far Eastern daces (genus Tribolodon, family Cyprinidae) are an excellent study system in which to 103 examine whether the species recognition hypothesis can explain female ornamentation. The Far Eastern 104 dace species T. hakonensis and T. sachalinensis (hereafter Th and Ts, respectively) are morphologically 105 5 similar, but both sexes exhibit species-specific conspicuous coloration only in their breeding season (i.e. 106 mutual ornamentation). Th has three orange and two black horizontal bands on its head and along its 107 flanks and orange fins, whereas Ts has red cheeks and fins (figure 1) (Nakamura 1969; Atsumi et al. 108 2018). Further, both species are non-territorial and they spawn in schools (Ito 1975; Sakai 1995) . These 109 behaviors may preclude the current major hypotheses proposed to explain female ornamentation (i.e. 110 social selection, sexual selection in females, and the genetic correlation between sexes combined with 111 sexual selection in males). Instead, the breeding ecology of Th and Ts suggests that the species 112 recognition hypothesis is more likely to explain female ornamentation in these species. Although the 113 breeding season and habitat of these two species overlap (Gritsenko 1982; Sakai 1995) and hatching rate 114 of F1 hybrids is high (Atsumi et al. 2018), hybrid swarms have rarely been observed in the wild 115 (Hanzawa et al. 1984; Sakai and Hamada 1985; Sakai et al. 2007 ). These findings suggest that these 116 species discriminate between conspecifics and heterospecifics and thereby avoid hybridization. The aim 117 of this study was to investigate the role of female nuptial coloration in sexually isolating these two Far 118 Eastern dace species. We examined whether (i) visible female traits enhanced Th male visual-based 119 species recognition in a two-choice experiment, and (ii) visible female traits other than coloration (i.e. 120 behavior and body size and shape) differ between the species. If Th males showed a preference for 121 conspecifics based on visual cues and females did not differ behaviorally or morphologically between 122 species, then female ornamentation (nuptial coloration) should be a key trait by which Th males 123 discriminate between conspecific and heterospecific females. 
138
From Spring to Early-Summer, matured fish aggregate to the middle reaches of rivers and form 139 dense spawning schools (Ito 1975; Gritsenko 1982; Sakai 1995) . Since two species are iteroparous and 140 continue growing after maturation, spawning schools consist of individuals vary in size (10-30 cm in 141 fork length, FL, in Th and 7-23 cm FL in Ts: Ito 1975; Sakai 1995). Importantly, these species often 142 form mixed-species spawning schools because they greatly overlap in breeding season and habitat 143 (Gritsenko 1982; Sakai 1995) . Spatiotemporal overlap in spawning allows hybridization between the 144 two species but hybridization is limited in the wild. Hybrids are rarely found in Southern Hokkaido 145 island (Northern Japan) (F1 hybrids, 0-4.8 %; later generation hybrids, 0-1 %: Sakai and Hamada 1985) 146 but never been found in Northern Honshu Island (Hanzawa et al. 1984; Sakai et al. 2007 ) and Sakhalin 147 (Polyakova et al. 2015) . Prezygotic isolation between the two species may be maintained by temporal 148 and chemical isolation: two species somewhat differ in reproductive timing (Th, May to June; Ts, June to 149 July: Ito 1975; Sakai 1995); males of Ts, at least, can discriminate species by male urine and odor of egg 150 (Sakai and Yoshii 1990) . Another candidate for the prezygotic isolation mechanism is that species 151 recognition based on nuptial coloration. During their breeding season, matured males and females of Far 152 Eastern daces show species-specific nuptial coloration without morphological change (Nakamura 1969;  153 Gritsenko 1982; Sakai 1995) . Their nuptial coloration differs in the presence/absence of orange and 154 black horizontal band along their flanks (figure 1: Nakamura 1969; Sviridov et al. 2002 Sviridov et al. , 2003 . The 155 color pattern does not differ across sexes and body size (Sviridov et al. 2002 (Sviridov et al. , 2003 . The mechanism of 156 postzygotic isolation is unknown. Given that the hatching rate of 
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We conducted a PCA based on a correlation matrix to investigate variations in female behavior in the 249 pooled data of the two species. The first two PCs successfully explained nearly 80% of total variance 250 (PC1, 47.5%; PC2, 30.6%: table S1). We used the PC1 and PC2 values in the subsequent analysis.
251
To evaluate interspecies differences in behavior, we fitted an LMM to each behavioral PC value.
252
The possible effect of female individuals and trials were accommodated as categorical random effects.
253
The significance of each parameter was computed via the Satterthwaite approximation (Satterthwaite 254 1946). We used the lme4 and the lmerTest packages of R. provide the support of the ability of this hypothesis to explain female ornamentation. The mate choice 286 trials allowed the males to use visual information, but not chemical information, to recognize females. In 287 these trials, Th males stayed near conspecific females 11.7 times longer with than they stayed near 288 heterospecific females, indicating that male Th can discriminate two Far Eastern dace species visually.
289
Potential visual signals or cues for male choice include body size, morphology, coloration, and behavior, 290 or combinations of these. By using females of similar size as stimuli in the experiments, we precluded a 291 possible body size effect on mate choice. Accordingly, LMM model selection and averaging inferred no 292 effect of female body size. Furthermore, the results of our behavioral and morphometry analyses 293 indicated that female behavior and morphology, at least as captured by our metrics, did not differ 294 between the species. Thus, our experimental results suggest that female nuptial coloration is a signal that 295 enables males to discriminate conspecific females from heterospecific ones. The species recognition 296 hypothesis (Wallace 1889), which was originally proposed to explain the function of male ornamentation 297 as a barrier against hybridization, may therefore also be valid for explaining female ornamentation.
298
In species with pair mating, it is well known that male mate choice based on female traits is 299 important in maintaining species boundaries (Roelofs and Comeau 1969; von Schilcher and Dow 1977;  300 Espinedo et al. 2010) . In this study, we found that male mate preference exists even in species with 301 promiscuous mating behavior. Because of such 
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Our results may also partly explain the mechanism responsible for the observed geographic 
